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INTRODUCTION
============

Studies with genetically modified mice, as well as by means of ectopic treatments, have proved that it is possible to ameliorate various age-related parameters (the so-called 'health-span'), which is often accompanied by an increase of life-span (Bluher et al, [@b8]; Conboy et al, [@b14]; Flurkey et al, [@b23]; Harrison et al, [@b33]; Holzenberger et al, [@b38]; Tomas-Loba et al, [@b73]). Recently, a significant delay of aging in adult animals was first achieved by a rapamycin-based pharmacological intervention, an agent that reduces the activity of mTOR kinase (Harrison et al, [@b33]).

Telomerase confers indefinite proliferative potential to *in vitro* cultured cells by virtue of its ability to elongate chromosome ends, thus preventing critical telomere erosion associated with cell division and the activation of a persistent DNA damage response (Bodnar et al, [@b9]). Telomerase also acts as a longevity gene in the context of the organism by preventing premature telomere attrition, as illustrated by both telomerase-deficient mice and by human diseases due to mutations in telomerase components, which suffer from premature adult stem cell dysfunction and decreased longevity due to accelerated rates of telomere shortening even at the first generation (Armanios et al, [@b1]; Blasco et al, [@b6]; Garcia-Cao et al, [@b26]; Herrera et al, [@b36]; Mitchell et al, [@b55]; Tsakiri et al, [@b74]; Vulliamy et al, [@b75]; Yamaguchi et al, [@b77]).

Owing to its ability to confer with unlimited proliferative potential, over-expression of the telomerase reverse transcriptase (TERT) is a common feature of human cancers and can increase cancer incidence in the context of classical mouse TERT transgenesis (Artandi et al, [@b2]; Canela et al, [@b11]; Gonzalez-Suarez et al, [@b28]; McKay et al, [@b54]; Rafnar et al, [@b61]). Remarkably, over-expression of TERT in the context of mice engineered to be cancer resistant (Sp53/Sp16/SARF/TgTERT mice) is sufficient to decrease telomere damage with age, delay aging and increase median longevity by 40% (Tomas-Loba et al, [@b73]). Also, the re-activation of telomerase in a model of premature aging caused by accelerated telomere shortening owing to telomerase deficiency (TERT-deficient mice; Jaskelioff et al, [@b41]) was enough to revert some age-associated phenotypes, suggesting that accelerated aging produced by telomere shortening can be partially reversed. These findings prompted us to test whether a therapeutic intervention aimed to increase TERT late in life (1 or 2 year old mice) may significantly delay aging and extend longevity without increasing cancer susceptibility.

Telomerase activators have been reported (de Jesus et al, [@b15]; Fauce et al, [@b18]; Harley et al, [@b32]), however, their mechanism of action is still poorly understood. Instead, we turned into a TERT-based gene therapy strategy to extend longevity, to our knowledge unprecedented in the context of aging studies. Recombinant AAVs have emerged as one of the vectors of choice for many gene transfer applications because of their many desirable properties, including the fact that they are non-integrative and show a poor immunogenicity and an excellent safety profile (Buning et al, [@b10]). AAV vectors transduce both dividing and non-dividing cells, and can sustain long-term gene expression (up to several years) both in small and large animal models of disease in tissues with very low proliferation rates (Jiang et al, [@b42]; Mas et al, [@b50]; Niemeyer et al, [@b58]; Tafuro et al, [@b72]). Safety and efficacy of AAV gene transfer has been extensively studied in humans with encouraging results in the liver, muscle, CNS and retina (Kaplitt, [@b43]; Maguire et al, [@b47]; Manno et al, [@b48]; Stroes et al, [@b71]). Although AAV2 is the best characterized serotype for gene transfer studies both in humans and experimental models, newly isolated serotypes, such as AAV7, AAV8 and AAV9 have been successfully adopted in preclinical studies (Gao et al, [@b25]), and are expected to enter Phase I clinical trials in the near future. In particular, AAV9 has shown efficient transduction in a broad range of tissues, with high tropism for liver, heart and skeletal muscle (Inagaki et al, [@b39]). In addition, AAV9 vectors have the unique ability to cross the blood--brain-barrier and target the brain upon intravenous injection in adult mice and cats (Duque et al, [@b17]; Foust et al, [@b24]). Thus, we have selected AAV9 vectors to broadly express TERT in adult mice and to study its ability to extend longevity.

RESULTS
=======

AAV9 mediated expression of mTERT leads to a stable and efficient systemic transduction of mouse tissues
--------------------------------------------------------------------------------------------------------

Here, we generated an adeno-associated virus (AAV) carrying the mouse TERT (mTERT) cDNA under the control of the CMV promoter and containing the capsid proteins of the AAV serotype 9, known to confer tropism for a wide variety of mouse tissues (AAV9-mTERT). As a negative control and reporter of AAV9 expression, we generated an analogous construct containing the enhanced green fluorescent protein (eGFP) instead of mTERT (AAV9-eGFP).

To assess viral tropism, 1-year old mice were sacrificed 1 month post-injection (PI) with either vector (Supporting Information [Fig S1A](#SD1){ref-type="supplementary-material"}). By direct eGFP fluorescence, AAV9-eGFP treated mice showed increased eGFP in the shaved back skin and internal organs compared to AAV9-mTERT treated mice (Supporting Information [Fig S1B--D](#SD1){ref-type="supplementary-material"}). Immunohistochemistry with anti-eGFP antibodies at 1 month PI, showed a viral transduction efficiency of 20--50% of eGFP-positive cells depending on the tissue (Supporting Information [Fig S1E and F](#SD1){ref-type="supplementary-material"}) (Foust et al, [@b24]; Inagaki et al, [@b39]; Zincarelli et al, [@b78]).

For longevity and aging studies, AAV9-mTERT or AAV9-eGFP vectors were injected via tail vein (2 × 10^12^ viral genomes (vg)/mouse) into two large cohorts of 420 and 720 days of age (referred hereafter as 1 and 2 year old groups), and efficient viral infection was confirmed by direct assessment of eGFP fluorescence in living animals at 2 weeks PI ([Fig 1A](#fig01){ref-type="fig"}). One month PI, TERT mRNA and protein levels were significantly increased in several tissues from AAV9-mTERT injected mice compared to AAV9-eGFP controls ([Fig 1B and C](#fig01){ref-type="fig"}; Supporting Information [Fig S2](#SD1){ref-type="supplementary-material"}), including liver, kidney, lung, heart, brain and muscle as assessed with a telomerase specific antibody (full representative Western blot gels and positive and negative controls for the specificity of the TERT antibody are included in Supporting Information [Fig S2](#SD1){ref-type="supplementary-material"} and were previously reported by us (Martinez et al, [@b49])). In accordance with long-term expression of AAV9 vectors (Zincarelli et al, [@b78]), expression levels were maintained for at least 8 months PI in all the tissues analysed, except for the lungs (Supporting Information [Fig S3A--C](#SD1){ref-type="supplementary-material"}). Although the apparent fold increase in TERT mRNA levels was large (mRNA levels are fold expression compared to an extremely low baseline level of mTERT) in some tissues known to be preferential targets of AAV9, mTERT protein levels were increased by 5- to 15-fold depending on the target tissue ([Fig 1C](#fig01){ref-type="fig"}), and were maintained up to 8 months PI with AAV9-mTERT (Supporting Information [Fig S3B and C](#SD1){ref-type="supplementary-material"}), most likely as the consequence of post-transcriptional regulation, something previously observed by us (Gonzalez-Suarez et al, [@b27]). This level of mTERT protein over-expression achieved by using gene therapy vectors is in the same range of mTERT over-expression reached by classical mouse transgenesis, including the long-lived Sp53/Sp16/SARF/TgTERT mouse model (Flores et al, [@b22]; Gonzalez-Suarez et al, [@b28]; Tomas-Loba et al, [@b73]). Finally, AAV9-mTERT treatment was able to increase telomerase activity as measured by TRAP assay 2-year old mice *in vivo* in a number of mouse tissues, such as lungs, liver, kidney and heart ([Fig 1D](#fig01){ref-type="fig"}; Supporting Information [Fig S3D--F](#SD1){ref-type="supplementary-material"}). In summary, AAV9 can be used to increase mTERT levels in a wide range of mouse tissues at the desired time in the lifespan of mice.

![AAV9-mediated mTERT expression\
Direct GFP fluorescence in shaved back skin of mice treated with the indicated vectors.Dark grey bars: fold change in mean ± SEM mTERT mRNA levels in AAV9-mTERT treated mice compared to AAV9-eGFP controls; light grey bars represent mean ± SEM after setting to 1 the control mice. mTERT mRNA values are normalized to actin. At least 5 male mice per group were used. Student\'s *t*-test was used for statistical analysis.TERT Western blots of tissue whole extracts from the 1 year-old group. Top, representative Western blot. Bottom, quantification of mTERT protein from 3 to 6 male mice. Values are normalized to actin. Student\'s *t*-test was used for statistical analysis. Data are given as mean ± SD. Molecular weight markers are shown. Controls for TERT antibody are shown in Supporting Information [Fig S2](#SD1){ref-type="supplementary-material"}.Telomerase activity (measured through TRAP assay) in several tissues from either AAV9-eGFP or AAV9-mTERT injected mice.](emmm0004-0691-f1){#fig01}

mTERT ectopic expression late in life decreases the incidence of age-related osteoporosis and glucose intolerance
-----------------------------------------------------------------------------------------------------------------

Bone loss is a well-characterized sign of the aging progress both in mice and humans (Ferguson et al, [@b19]), which results from bone resorption due to osteoblast insufficiency. A significant decrease in the bone mineral density of the femur (femur BMD; Supporting Information [Fig S4A](#SD1){ref-type="supplementary-material"}) was observed in the 2 year-old compared to the 1 year old controls ([Fig 2A](#fig02){ref-type="fig"}). Interestingly, 3--6 months after AAV9 treatment, the femur BMD was significantly higher in the AAV9-mTERT treated mice of both age groups than in the age-matched AAV9-eGFP controls ([Fig 2A](#fig02){ref-type="fig"}). This beneficial effect of mTERT is coincidental with increased mTERT mRNA levels in the bone of AAV9-mTERT treated mice compared to eGFP controls (Supporting Information [Fig S4B](#SD1){ref-type="supplementary-material"}).

![Delayed aging in AAV9-mTERT treated mice\
Femur bone mineral density (BMD femur) at the indicated times post-treatment with the indicated vectors. Two-way ANOVA was used for statistical analysis demonstrating that both mTERT (*p* = 0.0002) and age (*p* = 0.03) contribute significantly to the differences observed. Data are given as mean ± SEM (\**p* \< 0.05; \*\**p* \< 0.01).Thickness of the subcutaneous fat layer at the indicated time or at the time of death (in tissues fixed immediately post-mortem -- see Materials and Methods Section) in AAV9-mTERT and AAV9-eGFP treated mice. Two-way ANOVA was used for statistical analysis demonstrating a significant effect of mTERT treatment (*p* = 0.04) and age (*p* \< 0.0001). Data are given as mean ± SEM (\**p* \< 0.05).Insulin levels at the indicated times post-treatment with the vectors after mice were fasted for at least 8 h. Age-matched female mice were used. Data are given as mean ± SEM. Student\'s *t*-test was used for statistical analysis.IGF-1 levels at the indicated times post-treatment with the vectors. Two-way ANOVA was used for statistical analysis demonstrating a significant interaction between mTERT and age (*p* \< 0.05). Data are given as mean ± SEM (\*\**p* \< 0.01).Coordination and balance using a Rota-Rod wheel. Three trials were measured per mice. Two-way ANOVA was used for statistical analysis demonstrating that both mTERT (*p* = 0.01) and age (*p* = 0.01) contribute significantly to the differences observed. Data are given as mean ± SEM (\**p* \< 0.05).Neuromuscular coordination using the tightrope test at the indicated times post-treatment with the indicated vectors. Fischer\'s exact test was used for statistical analysis.](emmm0004-0691-f2){#fig02}

A well-established biomarker of ageing is the loss of the subcutaneous adipose skin layer, which in turn can lead to opportunistic pathologies associated with old age such as infections (Shimokata et al, [@b70]; Tomas-Loba et al, [@b73]). Accordingly, the thickness of the subcutaneous fat layer in the 2 year-old control group was reduced compared to the 1 year-old controls ([Fig 2B](#fig02){ref-type="fig"}; Supporting Information [Fig S4C](#SD1){ref-type="supplementary-material"}). Remarkably, this decrease did not occur in the 2 year old AAV9-mTERT treated mice, which showed a better preservation of subcutaneous fat layer compared to aged-matched AAV9-eGFP treated controls ([Fig 2B](#fig02){ref-type="fig"}). Again, we detected increased mTERT mRNA levels in subcutaneous white adipose tissue (WAT) from AAV9-mTERT treated mice compared to the AAV9-eGFP controls (Supporting Information [Fig S4B](#SD1){ref-type="supplementary-material"}).

Glucose intolerance and insulin resistance are also well-established indicators of the aging progression (Bailey & Flatt, [@b4]; Guarente, [@b29]), and telomerase deficiency contributes to glucose intolerance in mice (Kuhlow et al, [@b45]). AAV9-mTERT treated mice of both aged groups showed significantly lower levels of fasting insulin compared with the AAV9-eGFP controls, which presented increased insulin levels with aging ([Fig 2C](#fig02){ref-type="fig"}), indicating an improved insulin sensitivity upon TERT treatment. AAV9-mTERT treated mice also showed a trend for an improved glucose uptake and a better homeostatic model assessment (HOMA (Heikkinen et al, [@b34]; Matthews et al, [@b53])) compared to the AAV9-eGFP controls, although differences did not reach statistical significance (Supporting Information [Fig S4D and E](#SD1){ref-type="supplementary-material"}). We observed significantly higher IGF-1 levels in the 2 year old AAV9-mTERT treated mice compared to age-matched controls, which showed decreased IGF-1 levels compared to the 1 year old controls ([Fig 2D](#fig02){ref-type="fig"}). A decline in IGF-1 expression occurs with age progression (Hammerman, [@b30]), and high IGF-1 levels in the 2 year old AAV9-mTERT treated mice could suggest an improved health-span. Finally, we did not find significant differences in body fat content or in body weight of the different mouse cohorts (Supporting Information [Fig S4F and G](#SD1){ref-type="supplementary-material"}).

mTERT ectopic expression late in life improves scores in neuromuscular and object-recognition tests
---------------------------------------------------------------------------------------------------

To assess the systemic effects of ectopic mTERT expression, we turned into a number of behavioural assays that test the capacity of mice to perform different tasks, which is progressively lost with the ageing progress. In particular, we evaluated (i) coordination and balance (Rota-Rod test), (ii) memory (Object Recognition Test), and (iii) neuromuscular coordination (Tightrope Test) (Bevins & Besheer, [@b5]; Ingram & Reynolds, [@b40])). Coordination and balance were significantly improved in the 2 year-old group 2 months post AAV9-mTERT treatment compared to age-matched controls ([Fig 2E](#fig02){ref-type="fig"}). Neuromuscular coordination (Tightrope test) was also improved in the 1 year old AAV9-mTERT treated mice at 11 months post-treatment compared to AAV9-eGFP controls, which showed a decline in the ability to perform this test with age ([Fig 2F](#fig02){ref-type="fig"}). AAV9-mTERT treated mice from both age groups also showed a trend for improved memory scores (object recognition test) compared to the controls, although they did not reach significance (Supporting Information [Fig S4H--J](#SD1){ref-type="supplementary-material"}). Interestingly, AAV9 has been shown to target motor-neurons in adult mice (Duque et al, [@b17]). Furthermore, in agreement with motor skill tests having a cerebellar output component (Doyon, [@b16]; Hikosaka et al, [@b37]), we found increased cyclin D1-positive cells in the cerebellum of AAV9-mTERT treated mice compared to AAV9-eGFP cohorts (Supporting Information [Fig S5](#SD1){ref-type="supplementary-material"}). These results also support an improved health span as a result of AAV9-mTERT treatment.

A TERT-based gene therapy late in life significantly extends lifespan without increasing cancer
-----------------------------------------------------------------------------------------------

To address whether our TERT gene therapy approach was able to extend longevity, we performed Kaplan--Meier analysis of mice treated with either vectors in both age groups. We observed a significant extension of lifespan in AAV9-mTERT treated mice compared to the AAV9-eGFP or non-treated controls in both age groups ([Fig 3A](#fig03){ref-type="fig"}). TERT treatment led to an increase in survival of 24% in the 1 year-old group and of 13% in the 2 year old group (*p* \< 0.05 for both groups) compared to AAV9-eGFP treated controls ([Fig 3A](#fig03){ref-type="fig"}) when excluding mice that died before treatment, and this was similar when all mice (mice that died before injection) were included (Supporting Information [Fig S6A](#SD1){ref-type="supplementary-material"}). We also found a significant increase in the median survival of the longest-lived mice (90th percentile; [Fig 3B](#fig03){ref-type="fig"}) in the AAV9-mTERT group compared to the AAV9-eGFP group or the non-injected controls, suggesting that TERT may affect maximum longevity. Indeed, the longest-lived AAV9-mTERT treated mice from the 1 and 2 year old groups surpassed by 13 and 20%, respectively, the maximum longevity of the corresponding longest-lived AAV9-eGFP treated controls ([Fig 3B](#fig03){ref-type="fig"}). The positive effects on longevity may come from both proliferating and non-proliferating tissues as AAV9 infects both tissue types. Moreover, it has been recently demonstrated that telomerase plays important roles in post-mitotic tissues (Sahin et al, [@b64]).

![Increased median and maximum longevity of AAV9-mTERT treated mice\
Kaplan--Meier survival curves of the indicated mouse cohorts (50% males and 50% females). Alive mice are plotted as a vertical line. The Log rank test was used for statistical analysis.Average and 90th percentile lifespan of 2 year-old mice treated with AAV9-mTERT or AAV9-eGFP vectors. One-way ANOVA was used for statistical analysis (\**p* \< 0.05; \*\**p* \< 0.01). The floating bars represent the minimum-to-maximum age of death and the middle bar corresponds to the mean.Percentage of mice with the indicated tumours at their time of death.](emmm0004-0691-f3){#fig03}

To address any undesirable effects of our TERT gene therapy strategy, we performed a detailed pathological analysis of all mice under treatment at their time of death. A drawback of mTERT over-expression in transgenic mouse studies has been an increased cancer incidence, except for cancer-resistant backgrounds (Artandi et al, [@b2]; Gonzalez-Suarez et al, [@b28]; Tomas-Loba et al, [@b73]). AAV9-mTERT treated mice of both age groups did not show increased cancer incidence compared to the AAV9-eGFP controls ([Fig 3C](#fig03){ref-type="fig"}). Indeed, the causes of death were similar in the AAV9-mTERT and AAV9-eGFP treated groups (Supporting Information [Fig S6B and C](#SD1){ref-type="supplementary-material"}). Similarly, re-expressing telomerase in a model of accelerated aging does not recapitulate the cancer-prone phenotypes observed when expressed from the germline (Jaskelioff et al, [@b41]).

Telomerase expression late in life leads to overall telomere lengthening and decreased abundance of short telomeres in various tissues
--------------------------------------------------------------------------------------------------------------------------------------

Next, we set to address the mechanisms linking TERT expression to mouse lifespan. There is extensive evidence supporting that short telomeres owing to telomerase-deficiency lead to aging and that re-expression of telomerase reverses this particular type of aging (Flores et al, [@b20]; Jaskelioff et al, [@b41]; Samper et al, [@b65]), however, it is not known whether TERT expression can rescue short telomeres during physiological mouse aging. To this end, we measured telomere length and the percentage of short telomeres in differentiated tissues (brain -- *cerebral cortex*, heart -- *myocytes*, lung, kidney -- *medulla*, liver -- *hepatocytes* and muscle -- *fibers*, Supporting Information [Fig S7A](#SD1){ref-type="supplementary-material"}) at 1 month post-treatment. We used quantitative telomere FISH (Q-FISH, see Materials and Methods Section) on tissue sections. Most tissues from AAV9-mTERT treated mice of both age groups presented longer telomeres than the AAV9-eGFP controls (Supporting Information [Fig S7B and C](#SD1){ref-type="supplementary-material"}). In addition, 1 month after AAV9-mTERT treatment, both age groups showed a significant decrease of the percentage of short telomeres compared to the AAV9-eGFP controls, which showed an increase in short telomeres when comparing the 1--2 year old groups ([Fig 4A](#fig04){ref-type="fig"}). The presence of longer telomeres in post-mitotic tissues from AAV9-mTERT mice, such as the brain, may be partially explained by the fact that AAV9 targets both neurons and astrocytes in the adult brain including the thalamus, hypothalamus, hippocampus and, to a lesser extent, the cortex (Duque et al, [@b17]; Foust et al, [@b24]; Wang et al, [@b76]). Although the rates of stem cell replenishment are unlike to completely account for the telomere length differences observed, we cannot discard other roles of telomerase such as the rescue of telomere shortening through stress protection (Saretzki, [@b66]) or the recently association to mitochondrial protection in post mitotic tissues (Sahin et al, [@b64]). Together, these results indicate that increased mTERT expression in adult tissues through a gene therapy approach results in the presence of longer telomeres concomitant with a decreased percentage of cells with very short telomeres.

![AAV9-mTERT treatment decreases the abundance of short telomeres and increases active β-catenin and cyclinD1-positive cells in AAV9-mTERT treated mice\
Percentage of short telomeres (percentage of telomeres presenting an intensity below 50% of the mean intensity of the corresponding control \[AAV9-eGFP 1 year old\]) 1 month post-treatment with the indicated vectors. Data are given as mean ± SEM. Student\'s *t*-test was used for statistical analysis. At least three independent mice were used per condition.Representative Western blots of tissue whole extracts of 2 year-old male mice treated either vector, 1 month post-treatment.Quantification of active β-catenin levels after correcting for β-catenin total levels and actin. Data are mean intensity ± SD. Student\'s *t*-test was used for statistical analysis.Quantification of cyclinD1-positive cells with respect to total cells scored in tissues from mice treated with the indicated vectors, 1 month post-treatment. (brain -- cerebral cortex \[7 × 10^5^ cells scored per mouse\]; heart -- myocytes from myocardium \[5 × 10^5^ cells scored per mouse\]; kidney -- medulla \[2 × 10^6^ cells scored per mouse\]; liver -- \[2 × 10^6^ cells scored per mouse\]; muscle -- muscle fibers \[4 × 10^5^ cells scored per mouse\]; lung -- \[8 × 10^5^ cells scored per mouse\]). Student\'s *t*-test was used for statistical assessments.](emmm0004-0691-f4){#fig04}

To follow the long-term effects of AAV9-mTERT treatment on telomere length, we measured telomere length in peripheral blood leukocytes from the same individuals at 3 and 8 months post-treatment using a high-throughput (HT) Q-FISH technique optimized for blood samples (see Supplementary Information). Average telomere length decreased with time in control mice of the 1 year old group, concomitant with an increase of short telomeres (Supporting Information [Fig S7D and E](#SD1){ref-type="supplementary-material"}). In contrast, 7 out of 11 AAV9-mTERT treated mice of the 1 year old group showed no decrease or even a net increase in average telomere length compared to the previous time point (Supporting Information [Fig S7D and E](#SD1){ref-type="supplementary-material"}) and that 6 out of 11 mice showed no increase or even a marked decrease in percentage of short telomeres with time (Supporting Information [Fig S7D and E](#SD1){ref-type="supplementary-material"}). The subgroup of AAV9-mTERT treated mice that maintained or decreased the percentage of short telomeres also showed an apparent trend to survive longer than those that increased percentage of short telomeres, in both age groups (Supporting Information [Fig S7F](#SD1){ref-type="supplementary-material"}), suggesting that rescue of short telomeres is associated with increased longevity. Together, these results indicate that forced TERT expression in adult mice by using a gene therapy approach results in rescue of short telomeres in several tissues and prevention of telomere shortening in peripheral blood leukocytes from the same mice. Longer telomeres in peripheral blood leukocytes may reflect the better health status of AAV9-mTERT treated mice compared to the AAV9-eGFP controls, in agreement with a link between health status and telomere maintenance in white blood cells (Lin et al, [@b46]; Ornish et al, [@b59]).

AAV9-mTERT treatment late in life increases cyclinD1^+^ cells in mouse tissues
------------------------------------------------------------------------------

Although mTERT expression significantly prevents accumulation of short telomeres, mTERT is also proposed to have telomere-independent roles (independent of its catalytic activity) as a cofactor on the promoter of Wnt targeted genes. To test this in our experimental model, we determined the expression of the TERT/Wnt target genes β-catenin, Axin-2, CD44 and cyclinD1. Treatment with AAV9-mTERT increased the active form of β-catenin in all tissues tested, except for the liver ([Fig 4B and C](#fig04){ref-type="fig"}). AAV9-mTERT treatment also increased cyclinD1 positive cells in various tissues compared to the control groups ([Fig 4D](#fig04){ref-type="fig"}; Supporting Information [Fig S8A](#SD1){ref-type="supplementary-material"}), including the skin basal layer and in neurogenic areas of the brain, such as the hippocampus (Supporting Information [Fig S8B--F](#SD1){ref-type="supplementary-material"}). Expression of other targets/effectors of the TERT/Wnt pathway, such as CD44 and axin2, however, were not consistent with TERT expression and depended on the tissue type (Supporting Information [Fig S9A and B](#SD1){ref-type="supplementary-material"}). Finally, we also included the expression of p16, a cell cycle inhibitor whose levels are increased associated with mouse aging (Krishnamurthy et al, [@b44]; Molofsky et al, [@b56]) and that is a *bona fide* marker of cellular senescence (Collado et al, [@b13]). We observed decreased levels p16 levels upon AAV9-mTERT treatment in most organs studied (Supporting Information [Fig S9C and D](#SD1){ref-type="supplementary-material"}) with the exception of the heart.

AAV9-mTERT treatment late in life improves metabolic and mitochondrial fitness
------------------------------------------------------------------------------

Recently, accelerated aging produced by telomere shortening was shown to involve metabolic and mitochondrial deterioration (Sahin et al, [@b64]). Here, we set to address whether mTERT treatment late in life was able to improve metabolic and mitochondrial fitness in old mice. To this end, we measured the expression levels of key metabolic and mitochondrial markers in the heart and the liver of control and AAV9-mTERT treated mice. As shown in Supporting Information [Fig S10A and B](#SD1){ref-type="supplementary-material"}, 2 year-old wild-type mice treated with the control AAV9-eGFP vector showed a metabolic and mitochondrial decline compared to the 1 year old group, which was not so apparent in the AAV9-mTERT cohorts. These findings support the notion that normal aging comprises similar metabolic changes to those observed in aging produced by accelerated telomere shortening, as well as suggest that increased healthspan through telomerase overexpression could involve protection from metabolic decline.

Delayed aging and increased longevity associated with increased TERT expression late in life requires of a catalytically active mTERT
-------------------------------------------------------------------------------------------------------------------------------------

To discern the canonical and non-canonical roles of telomerase in mouse longevity, we treated mice with a catalytically inactive form of mTERT (AAV9-mTERT-DN) previously shown to be unable to elongate telomeres ([Fig 5A](#fig05){ref-type="fig"} and Supporting Information [Fig S11](#SD1){ref-type="supplementary-material"} (Sachsinger et al, [@b63])) and to have a dominant negative effect *in vitro* in a murine kidney tumour cell line (RenCa). As expected, AAV9-mTERT-DN treatment increased CyclinD1 expression in a number of tissues ([Fig 5A and B](#fig05){ref-type="fig"}), in accordance with previous findings (Park et al, [@b60]). Importantly, AAV9-mTERT-DN treatment did not show any of the beneficial effects of TERT treatment, including rescue of short telomeres, increased health span (bone density, insulin levels) and extended longevity ([Fig 5B--I](#fig05){ref-type="fig"} and Supporting Information [Fig S11](#SD1){ref-type="supplementary-material"}), suggesting that elongation of short telomeres by telomerase is the main and essential mechanism contributing to the anti-aging activity of TERT treatment. We cannot rule out however, that in the context of a fully functional telomerase enzyme, the Wnt pathway may play a synergistic role with a better maintenance of telomere length.

![Catalytic activity of mTERT is needed for increased healthspan and life-span extension in AAV9-mTERT treated mice\
Scheme of mTERT-wt and mTERT-DN, a catalytically inactive form of telomerase previously generated and described by us (see Materials and Methods Section).Fold change in mTERT mRNA levels in AAV9-mTERT or AAV9-mTERT-DN treated mice compared to age-matched AAV9-eGFP controls. Values are normalized for actin and are represented as the change in mean ± SEM relative to samples of age-matched AAV9-eGFP mice (set to 1). Student\'s *t*-test was used for statistical analysis.mRNA levels of Wnt target gene CyclinD1 in the liver of mice treated with AAV9-eGFP, AAV9-mTERT or AAV9-mTERT-DN vectors. Values are normalized for actin and are represented as the change in mean ± SEM relative to samples of age-matched AAV9-eGFP mice (set to 1). Student\'s *t*-test was used for statistical analysis (\**p* \< 0.05; \*\**p* \< 0.01).Expression of p16 mRNA in the liver of mice treated with AAV9-eGFP, AAV9-mTERT or AAV9-mTERT-DN vectors. Data was normalized for actin and are represented as the change in mean ± SEM relative to samples of age-matched AAV9-eGFP mice (set to 1). Student\'s *t*-test was used for statistical analysis (\**p* \< 0.05).mRNA levels of Wnt target gene CyclinD1 in the brain of mice treated with AAV9-eGFP, AAV9-mTERT or AAV9-mTERT-DN vectors. Values are normalized for actin and are represented as the change in mean ± SEM relative to samples of age-matched AAV9-eGFP mice (set to 1). Student\'s *t*-test was used for statistical analysis (\**p* \< 0.05).Percentage of short telomeres (percentage of telomeres presenting an intensity below 50% of the mean intensity of the corresponding control \[AAV9-eGFP 1 year old\]) 1 month post-treatment with the indicated vectors or in age-matched non-treated mice (control). Data are given as mean ± SEM. One-way ANOVA (with Dunnett\'s *post hoc* test against AAV9-eGFP) was used for statistical analysis (\**p* \< 0.05; \*\**p* \< 0.005).Femur bone mineral density (BMD femur) measured 6 months post injection with the indicated vectors or in age-matched non-treated mice (control). Data are given as mean ± SEM. One-way ANOVA (with Dunnett\'s *post hoc* test against AAV9-eGFP) was used for statistical analysis (\*\**p* \< 0.01).Insulin levels measured 3 months post injection with the indicated vectors or in age-matched non-treated mice (control). Age-matched female mice were used. Data are given as mean ± SEM. One-way ANOVA (with Dunnett\'s *post hoc* test against AAV9-eGFP) was used for statistical analysis (\**p* \< 0.05).Survival curves of the indicated mouse cohorts. Alive mice are plotted as a vertical line.](emmm0004-0691-f5){#fig05}

DISCUSSION
==========

Accumulation of short/damaged telomeres with increasing age is considered one of the main sources of aging-associated DNA damage capable of causing loss of the regenerative capacity of tissues and systemic organismal aging both in humans and mice with impaired telomerase activity (Armanios et al, [@b1]; Blasco et al, [@b6]; Flores et al, [@b21]; Garcia-Cao et al, [@b26]; Herrera et al, [@b36]; Mitchell et al, [@b55]; Schoeftner et al, [@b68]; Tsakiri et al, [@b74]; Vulliamy et al, [@b75]; Yamaguchi et al, [@b77]). Telomerase activation is envisioned as a potential strategy to rejuvenate tissues and to treat diseases characterized by premature telomere shortening (de Jesus et al, [@b15]; Jaskelioff et al, [@b41]). Interestingly, even though mouse telomeres are much longer than human telomeres at younger ages in spite of their shorter life spans, recent evidence suggest that mouse telomeres suffer a dramatic shortening at old ages and that telomere length can be rate-limiting for mouse longevity (Flores et al, [@b20]; Garcia-Cao et al, [@b26]). This is further supported by the fact that telomerase activation can delay normal mouse aging in cancer resistant mice (Tomas-Loba et al, [@b73]). However, with the exception of mice genetically engineered to be cancer resistant, increased telomerase expression is associated with a higher susceptibility to develop cancer both in mice and humans (Artandi et al, [@b2]; Canela et al, [@b11]; Gonzalez-Suarez et al, [@b28]; McKay et al, [@b54]; Rafnar et al, [@b61]). Notably, in these studies increased TERT expression is forced since early embryo development through germ line modifications, which may favour the expansion of cancerous cells and the development of cancer later in life. Gene therapy approaches are currently envisioned as a way to deliver genes into adult tissues in order to correct genetic defects or diseases, however, to our knowledge have never been envisioned as a valid strategy to delay aging or extend longevity. Here, we show that increased TERT expression later in life (adult and old mice) by using a gene therapy strategy has rejuvenating effects without increasing cancer risk. In particular, TERT interventions based on adeno-associated vectors (AAV9-mTERT) at 1 or 2 years of age are able to re-activate telomerase activity in a wide range of tissues and have beneficial effects on different aspects of mouse health, including delayed osteoporosis, improved epithelial barrier fitness, improved metabolic function, and improved neuromuscular coordination. The fact that AAV9-TERT treatment of old mice efficiently reactivated telomerase in the lungs offers a therapeutic opportunity for some cases of human pulmonary fibrosis associated with presence of short telomeres owing to telomerase mutations (Armanios et al, [@b1]; Tsakiri et al, [@b74]). Importantly, AAV9-mTERT treated mice do not develop more cancer, illustrating the safety of this type of strategy. This is likely to be related to the fact that AAV vectors are non-integrative, and therefore mTERT over-expression will be lost in highly proliferating cells. In addition, AAV preferentially targets post-mitotic cells from peripheral tissues, which are considered more resistant to cancer than the highly proliferative ones, and could explain the tissue contribution for healthspan amelioration. Indeed, the limited gene transfer to some tissues (such as the brain) could account some of the modest effects observed.

Our TERT-based gene therapy of aging also improved several molecular markers of aging. On one hand, and as expected from the canonical function of TERT as the catalytic component of telomerase, mice treated with AVV9-mTERT vectors showed telomere elongation in a variety of tissues, which was concomitant with a significant decrease in the abundance of short telomeres, in turn responsible for chromosomal aberrations (Hemann et al, [@b35]; Samper et al, [@b65]). The increase in telomere length in quiescent/differentiated tissues could be related to prevention of stress-dependent telomere shortening (Sahin et al, [@b64]; Sharma et al, [@b69]), or to re-population of tissues by cells with longer telomeres (Hao et al, [@b31]). In particular, we and others have previously demonstrated that TERT over-expression could be acting on the pool of adult stem cells present in tissues, leading to their mobilization and subsequent tissue regeneration (Flores et al, [@b21]; Sarin et al, [@b67]). On the other hand, in agreement with the proposed role of TERT as activator of genes of the Wnt pathway (Park et al, [@b60]), tissues with increased TERT expression also showed increased expression of active β-catenin, as well as of its target gene cyclinD1, which in turn may mediate some of the known effects of TERT improving stem cell mobilization (Flores et al, [@b21]; Reya & Clevers, [@b62]; Sarin et al, [@b67]). Increased cyclinD1 was also paralleled by generally lower levels of p16 expression in some mouse tissues, a further sign of extended renewal and proliferative capacities associated with TERT expression. However, mice treated with a catalytically inactive TERT (AAV9-mTERT-DN), and despite showing increased CyclinD1 mRNA levels as well as decrease p16 levels in the tissues tested, in agreement with the proposed role of TERT regulating the Wnt pathway in a telomerase activity-independent manner (Park et al, [@b60]), were not paralleled by a rescue of short telomeres and increased health span and longevity. These could indicate that the non-canonical role of telomerase could not impact on the health status *per se*, but could have a synergistic effect in the context of a telomerase positive background.

The paper explained
-------------------

PROBLEM:

A major goal in aging research is to increase the so-called 'health span' or the time of life free of disease. Telomeres have been linked with aging and disease and, in the case of mice, genetic manipulations that shorten or lengthen telomeres result, respectively, in decreased or increased longevity. Therapies that impact on telomere length are therefore expected to have an impact on health span.

RESULTS:

Based on this notion, we tested the effects of a telomerase gene therapy in adult (1 year of age) and old (2 years of age) mice. Treatment of both groups of mice with an AAV of wide tropism expressing mouse telomerase (mTERT) demonstrated remarkable beneficial effects on health and fitness, improving several molecular biomarkers of aging. Moreover, telomerase-treated mice did not develop more neoplasias comparing to their control littermates, suggesting that the known tumorigenic activity of telomerase is severely decreased when expressed in adult or old organisms. Finally, re-introduction of mTERT in both 1- and 2-year old mice increased significantly its median lifespan (24 and 13%, respectively). These beneficial effects were not observed with a reporter virus (eGFP) or a catalytically inactive TERT (TERT-DN) demonstrating the strict dependency of an active telomerase complex.

IMPACT:

Together, our results constitute a proof-of-principle of a role of mTERT in delaying physiological aging, improvement of health span, and extension of longevity in normal (wild type) mice. The gene therapy described here represents a novel type of therapeutic intervention against various age-related diseases.

Finally, by looking at markers of metabolic and mitochondrial fitness, we show here that normal aging comprises similar metabolic changes to those observed in aging produced by accelerated telomere shortening, as well as demonstrate that increased healthspan through telomerase overexpression is associated with protection from metabolic decline.

In conclusion, we provide proof-of-principle for the feasibility of anti-aging interventions on adult/old mammals. Aged organisms accumulate telomere-derived DNA damage and we show that it is possible to repair or delay the accumulation of this type damage through telomerase gene therapy. This has direct consequences on the health of the aged organisms including an increase in the average and maximal lifespan.

MATERIALS AND METHODS
=====================

Mice
----

Separate groups of mice were tail-vein injected with 2 × 10^12^ vg (viral genomes)/animal of either AAV9-GFP, AAV9-mTERT or AAV9-mTERT-DN, a catalytically inactive form of mTERT (Sachsinger et al, [@b63]), at 420 days (AAV9-GFP, *n* = 14 \[50% males and 50% females\]; AAV9-mTERT, *n* = 21 \[52% males and 48% females\]; AAV9-mTERT-DN, *n* = 17 \[53% males and 47% females\]) or either AAV9-GFP and AAV9-mTERT 720 days (AAV9-GFP, *n* = 14 \[58% males and 42% females\]; AAV9-mTERT, *n* = 23 \[52% males and 48% females\] of age. All mice are of a \>95% C57BL6 background. Longevity comparisons were always made within the same mouse cohort to avoid minimal possible differences in genetic background between the groups.

Recombinant AAV vectors
-----------------------

Vectors were generated by triple transfection of HEK293 cells as described (Matsushita et al, [@b52]). Cells were cultured in roller bottles (Corning, New York, USA) in DMEM 10% FBS to 80% confluence and co-transfected with a plasmid carrying the expression cassette flanked by the AAV2 viral ITRs, a helper plasmid carrying the AAV *rep2* and *cap9* genes, and a plasmid carrying the adenovirus helper functions (kindly provided by K.A. High, Children\'s Hospital of Philadelphia). The expression cassettes used were (i) GFP under the control of CMV promoter and SV40 polyA signal or (ii) murine TERT under the control of CMV promoter (iii) murine catalytically inactive TERT under the control of CMV promoter (see Full Methods section for detailed description). In AAV-TERT vectors, SV40 polyA was not used since 3′UTR from TERT was maintained as a polyA signal. AAV vectors were purified with an optimized method based on two consecutive cesium chloride gradients, dialyzed against PBS, filtered and stored at −80°C until use (Ayuso et al, [@b3]). The titers of viral genomes particles were determined by quantitative real time PCR.

Measurement of virus transduction efficiency
--------------------------------------------

A control group of mice (AAV9-GFP *n* = 5, AAV9-mTERT *n* = 5) was injected at 360 days of age following the methodology described before. At 4 weeks PI mice were sacrificed and subjected to either pathological analysis or GFP and mTERT expression assessments. GFP expression from skin and internal organs was determined using a 488 nm excitation light and image collecting system (IVIS Imaging System 200 Series, Xenogen Corporation, Alameda, CA). Quantitation of eGFP immunostainings was determined by counting the number of peroxidase stained cells over the total number of hematoxylin-stained cells, and correcting by the background (positive eGFP cells in the AAV9-mTERT injected mice). Telomerase expression in different tissues was analysed by western blot analysis, quantitative RT-PCR and TRAP (telomerase repeat amplification protocol) assay.

Telomere Q-FISH analysis on paraffin sections
---------------------------------------------

Q-FISH determination on paraffin-embedded tissue sections from 1- and 2-year old mice were hybridized with a PNA-telomeric probe, and fluorescence intensity of telomeres was determined as described (Gonzalez-Suarez et al, [@b28]). Quantitative image analysis was performed using the Definiens Developer Cell software (version XD 1.2; Definiens AG). For statistical analysis a two-tailed Student\'s *t*-test was used to assess significance (GraphPad Prism software).

Bone density
------------

Bone mineral density was measured in anaesthetized living animals, or post-mortem when referred, using a Dual Energy X-ray Absorptiometry (DEXA) scan device.

Skin measurements
-----------------

Subcutaneous fat layer measurements were performed as described in (Tomas-Loba et al, [@b73]). Briefly, 10--20 random measurements along the skin from at least five mice (three skin sections per mice) per injected group were considered. Skin sections cut perpendicular to the skin surface at a 5 mm thickness were stained for hematoxylin--eosin (H&E), and Image J software was used for length measurements.

Intraperitoneal glucose tolerance tests, insulin and IGF-1
----------------------------------------------------------

Glucose curves were performed as described elsewhere (Moynihan et al, [@b57]). Briefly, mice were fasted for at least 8 h, and injected intraperitoneally with a 50% dextrose solution (2 g/kg body weight). Blood glucose levels were measured with a glucometer (Glucocard Memory 2, Arkray, Japan) at the indicated times after injection. Data analysis was performed as described in Tomas-Loba et al ([@b73]).

Blood insulin levels were measured with Ultra-Sensitive Mouse Insulin ELISA Kit (Crystal Chem Inc. \#90080), following manufacturers protocol. IGF-1 levels were calculated with a Rat/Mouse IGF-1 ELISA (Novozymes, AC-18F1).

Neuromuscular coordination
--------------------------

To evaluate the motor coordination and balance, mice were tested in a Rota-Rod apparatus (model LE 8200); the measures score the latency of fall, with a continuous acceleration protocol, from 4 to 40 rpm, for a maximum of 60 s in three trials (Castelhano-Carlos et al, [@b12]). The tightrope test was performed as described elsewhere (Ingram & Reynolds, [@b40]; Matheu et al, [@b51]; Tomas-Loba et al, [@b73]).

TRAP assay
----------

Telomerase activity was measured in S-100 extracts from the indicated tissues as previously described (Blasco et al, [@b7]). An internal control for PCR efficiency was included.

Statistical analysis
--------------------

An unpaired *t*-student test was used to calculate statistical significance of eGFP expression *in vivo* and *ex vivo*, mTERT mRNA and protein expression levels, glucose tolerance, insulin levels, HOMA-IR, telomere length and percentage of short telomeres. Fisher\'s exact test was used to calculate the survival at 130 weeks and the neuromuscular (tightrope test). Pathological analysis was calculated with the *χ*^2^ test. Two-way ANOVA was used to assess the significance of bone density, subcutaneous fat content, IGF-1 levels, neuromuscular coordination assay (Rotarod) and object recognition test. When the main effects (age and/or mTERT) or interaction were significant (*p* \< 0.05), the Bonferroni *post hoc* test was applied to test for differences between groups. Kaplan--Meier representation was used for the mouse survival curves in [Fig 3A](#fig03){ref-type="fig"}. One-way ANOVA (with Tukey\'s multiple comparison test) was used for median survival comparisons ([Fig 3B](#fig03){ref-type="fig"}). A Log Rank and Gehan--Breslow--Wilcoxon tests were used to calculate the statistical differences in the survival curves of the different mice cohorts.

For more detailed Materials and Methods see the Supporting Information.

We thank Xavier Leon and Maria Molas for technical assistance with viral production. We thank R. Serrano for mouse care and J. Flores for pathology analyses. We thank Comparative Pathology and Confocal Microscopy Units at CNIO for technical assistance.

Supporting Information is available at EMBO Molecular Medicine online.

The authors declare that there is no conflict of interest.

Author contributions
====================

MAB conceived the idea; MAB and BB wrote the paper; BB performed most of the experiments of the paper; EV performed telomere length determinations; KS performed the initial viral injections; AT performed the TRAP assays; EA and FB performed the virus constructs and purifications.

For more information
====================

TERT; Genecards: <http://www.genecards.org/cgi-bin/carddisp.pl?gene=TERT>

Author website: <http://www.cnio.es/es/grupos/plantillas/presentacion.asp?grupo=50004259>

Supplementaary material
=======================

Detailed facts of importance to specialist readers are published as "Supporting Information". Such documents are peer-reviewed, but not copy-edited or typeset. They are made available as submitted by the authors.
